Clinical and preclinical studies have uncovered substantial evidence that dysfunction in cortico-striatal-thalamo-cortical (CSTC) loops central to the selection of action strategies may underlie obsessive compulsive disorder (OCD) symptoms. In human OCD, data suggest that the balance between selections of habitual versus goal-directed action strategies is disrupted, with concomitant hyperactivation of CSTC regions associated with these strategies. Preclinical lesion and inactivation studies of homologous CSTC regions in rodents have shed light on how sub-regions of the frontal cortex and striatum can have dissociable effects on the exhibition of goal-directed or habitual behavior. However, these traditional methods lack the precision necessary to dissect the exact projections and cell types underlying these behaviors. It is essential to uncover this information to begin to determine how disruption in these circuits may lead to disease pathology. Here, we summarize several recent studies that utilize optogenetics, a technique that allows stimulation or inhibition of specific neural projections and cell types using light, to further understand the contribution of CSTC activity to both action selection and the OCD-relevant behavior of perseverative grooming. Based on these experiments and findings in human OCD patients, we argue that OCD symptoms may not only be associated with an enhancement of habitual behavior, but also with aberrant recruitment of goal-directed neural circuits. We also discuss the current status of translating optogenetic technology to primates, as well as how findings in rodents may help inform treatment of patients suffering from OCD and related disorders.
Introduction
Maladaptive repetitive actions and thoughts are key features of many neuropsychiatric illnesses, including autism [1] , substance abuse disorders [2] , Tourette's syndrome [3] , and eating disorders [4] . The burden of these symptoms is perhaps most clearly highlighted in obsessive compulsive disorder (OCD), a chronic and severe mental illness affecting 2-3 % of people worldwide and identified as a leading cause of illness-related disability by the World Health Organization [5] . Recently separated from anxiety disorders in the DSM-5 based on proposed differences in neural substrates, subtypes of OCD are unified by the commonality of repetitive behaviors and/or thoughts that severely impair functioning. Several theories exist that may explain the pathophysiologic processes leading to compulsive behavior. Importantly, these proposed models posit dysfunction in distinct brain regions that comprise cortico-striato-thalamocortical (CSTC) loops, which are thought to be responsible for controlling action selection and behavioral inhibition [6] . Specific cortical and striatal regions within each loop have been linked to the development of either goal-directed or habitual behavior. In rodent studies, compulsive behavior has been linked to a progressive shift from recruitment of goal-directed systems to habitrelated systems [2, 7•] , which has led to the proposal of the habit hypothesis of OCD [8] . However, the habit theory may not account for a key facet of compulsions in OCD-the intense urge to act [9•], which may be indicative of a behavior that is still goal-directed. Similar to models within the framework of addiction [10•] , we propose that compulsive behaviors observed in OCD contain a substantial motivational and goal-directed component.
Here, we will summarize evidence from both human and preclinical animal studies linking dysfunctional CSTC activity to repetitive behaviors, and discuss potential implications of these findings for treatment. We will also highlight recent studies that investigate whether directly altering activity in discrete CSTC loops can change action strategies and affect compulsive behaviors. Based on convergent findings from animal and human OCD studies, we propose that compulsive behaviors may be induced either through increased habit system activity or enhanced recruitment of goal-directed systems.
Neuroimaging studies highlight abnormalities in CSTC loops in OCD
While the pathogenesis of OCD is still unknown, structural and functional neuroimaging studies have identified alterations in CSTC regions that are major players in the development of both goal-directed behaviors and habits in OCD patients compared to unaffected controls. Three general CSTC loops are believed to be important for controlling different neurocognitive functions, and are comprised of different interconnected brain regions [11] . These include the sensorimotor loop, which controls motor and response inhibition via lateral orbitofrontal cortex (lOFC) projections to the putamen; the cognitive loop, which regulates working memory via connections between dorsolateral prefrontal cortex (dlPFC) and the caudate nucleus; and the affective loop, which directs reward processing through interactions between the anterior cingulate cortex (ACC), the medial OFC (mOFC), and the ventral striatum [12, 13] . For each loop, information from the striatum is passed through the basal ganglia and ultimately conveyed back to the cortex via thalamic relays [11, 12] . Multiple lines of evidence suggest dysfunction in many of these regions-most of which contribute to producing goal-directed and habitual behavior-in OCD.
Functional magnetic resonance imaging (fMRI) studies highlight a role for both frontocortical structures (such as the OFC and ACC) and the striatum in OCD. Resting state studies suggest that, compared to healthy controls, OCD subjects have increased activity within both OFC and ACC [14, 15] , as well as the caudate (dorsal striatum) [16] . OFC and caudate hyperactivity and ACC activity are further accentuated during symptom provocation, suggesting a potential casual role for these nuclei in the generation or expression of OCD symptoms [17, 18] . Successful treatment of symptoms correlates with reduced activity in both caudate and OFC, regions associated with goal-directed action strategies [6] , as measured by positron emission tomography and magnetic resonance spectroscopy [19] [20] [21] . In addition to elevated resting state activity, abnormal functional connectivity between these regions has also been observed. In particular, some (but not all, see [13] ) data suggest increased functional connectivity between the ventral striatum/nucleus accumbens and medial OFC (mOFC) [22] [23] [24] , a finding that is predictive of illness severity [25] . These functional imaging studies provide evidence that activity in regions involved in the development of both goal-directed and habitual behaviors is abnormal in OCD.
Though structural imaging studies have also suggested alterations in the caudate in both adults [26, 27] and children [28] with OCD, the directionality of change has not been consistent. In addition, increases in ventral striatal gray matter are observed in OCD subjects compared to controls and subjects with other anxiety disorders, implicating the ventral striatum in the formation of repetitive behavior rather than generalized anxiety [29] . Structural differences have also been detected in frontocortical regions. Specifically, decreased ACC volume has been reported in OCD patients [29, 30] , and alterations in OFC gray matter volume in adult OCD have been observed [30] [31] [32] (though it is unclear if these changes are compensatory [33] ). In addition to changes in gray matter density, abnormalities in white matter integrity have been identified using diffusion tensor imaging in corpus callosum, anterior limb of the internal capsule, and cingulum bundle. As with the aforementioned neurochemical and fMRI findings, decreases in white matter integrity within the left striatum of OCD patients can be reversed with chronic pharmacotherapy [34] , suggesting that these changes may be central to the pathophysiology of the disorder. Although less consistent than functional imaging studies, structural MRI studies therefore identify alterations in OCD subjects within many of the same brain regions which are responsible for the development of goal-directed and habitual behavior.
Further evidence of CSTC dysfunction in OCD comes from invasive neurosurgical techniques used in treatment refractory OCD patients. It is estimated that 10-20 % of patients with OCD do not respond to traditional pharmacological and psychological therapy [35] [36] [37] [38] . Some of these individuals may benefit from treatments that directly target dysfunctional circuitry, including deep brain stimulation (DBS). DBS uses constant high-frequency electrical stimulation in targeted brain regions, and although the mechanism of action is unknown, some theories suggest that it is efficacious due to normalization of hyperactivity [19] . Currently, one of the most frequently studied DBS targets with substantial efficacy for OCD treatment is the ventral capsule/ventral striatum (VC/VS), with 25 % of patients achieving remission after a year of stimulation [37] [38] [39] . VC/VS DBS normalized intraregion hyperactivity and reduced the increased functional activity observed between striatum and frontal cortex [40, 41] . Again, this highlights the possible role of dysfunctional goaldirected behavior in OCD, since the VS is implicated in the prediction and evaluation of reward value, a necessary component of successful goal-directed action [2] . Together, these data highlight the involvement of regions that regulate habitual and goal-directed behavior in the pathophysiology of OCD, and provide hypotheses that can be tested utilizing new circuit-based interventions in animal models.
Disruptions in habitual and goal-directed behavior in OCD Several recent studies in OCD patients have supported the hypothesis that compulsions stem from abnormal goal-directed and habitual striatal-mediated action strategies. First, in an instrumental conditioning paradigm, both OCD patients and controls learned to correctly discriminate between two visual stimuli at the same rate [42] . However, following devaluation of one of the two stimuli, OCD patients continued to respond to the devalued reward in a habitual fashion, reminiscent of rodents with dorsomedial striatum (DMS) lesions [43] (see BCircuits mediating goal-directed and habitual behavior in animal models^). Similarly, in an aversive conditioning paradigm, where correct discrimination of two visual stimuli leads to avoidance of a shock, no learning differences were detected [44••] . However, following overtraining and devaluation, OCD patients continued to avoid the devalued stimulus, despite the fact that they were consciously aware that it no longer predicted the shock. Using a modified version of the same task, researchers recently linked this increased habit formation back to CSTC circuits, finding increased activation of the caudate (DMS) in patients whose behavior had become habitual, and increased activation of the mOFC in all OCD subjects [45••] . Together, these data suggest a shift in balance from goal-directed to habitual action selection strategy in OCD. However, it is worth noting that the degree of shock avoidance did not correlate with compulsion symptom severity (as measured by the YBOCS compulsion subscale), suggesting the bias towards a habitual strategy may not be relevant to OCD symptomatology. Further, OCD patients reported an increased urge to respond despite devaluation, suggesting that enhanced responding may still be goal directed [44••, 45 ••]. These findings are broadly consistent with one current theory of drug addiction proposed by Sjoerds and colleagues [10•] , in which compulsive drug seeking can be conceptualized as a maladaptive motivational habit with a substantial goal-directed component. Taken together with the identification of hyperactivity in regions linked to goal-directed behavior (the mOFC and caudate) by Gillan et al. [45••] , it is possible that compulsivity in OCD may arise, at least for avoidance habits, from aberrant goal-directed recruitment.
Several other lines of evidence support a potential enhancement of the goaldirected action system in OCD. In experiments in which implicit (habitual) learning is examined, enhanced utilization of regions of the goal-directed system, including the OFC, is observed in OCD patients compared to controls [46, 47] . When explicit learning or processing is introduced during the implicit task (thereby activating goal-directed circuitry), the performance of OCD patients compared to controls is impaired [48, 49] . A parsimonious explanation for these seemingly contradictory behavioral results, in which some data suggest an over-reliance on habit systems at the expense of goal-directed systems [42] , while others indicate a strengthening of goal-directed actions in OCD [48, 49] , has recently been summarized by Gruner and colleagues [50•] . However, the exact circuit level mechanisms regulating the inappropriate recruitment of either behavioral strategy are still not clear. Until recently, correlations between system-level disruptions in cortico-striatal-thalamo-cortical (CSTC) circuits and relevant behavioral abnormalities in OCD have provided the best available insight into the underlying neurobiology of OCD, since manipulation of specific neural circuits is still not possible in humans. Researchers have therefore now turned to animal models to address questions of causality.
Circuits mediating goal-directed and habitual behavior in animal models
To dissect the circuit mechanisms underlying the recruitment of goal-directed versus habitual behaviors, elegant studies have been performed in rodent models. This work has been essential to our understanding of drug addiction, which has been conceptualized as a disorder in which there is a gradual shift from recruitment of goal-directed systems to habit systems [2] . According to classic theory, the formation of habits arises when action-outcome driven (A-O) behaviors lead to learned stimulus-response (S-R) associations [51, 52] . Habitual behavior in normal animals (S-R driven) is typically induced by overtraining an animal during an operant task (e.g., pressing a lever for a reward). When the reward is then subsequently devalued through aversive conditioning, overtrained animals continue to respond despite the change in outcome, while normally trained animals respond less for the devalued outcome, indicative that the behavior remains goal-directed and flexible [53] . The neural basis for this change in strategy appears to lie in a shift from associative CSTC circuits to sensorimotor circuits, in analogous structures to those that are dysfunctional in OCD. Specifically, habitual responding can be induced via lesion of dorsomedial striatum (DMS: caudate in primates) [43, 54] . In contrast, disruption of the dorsolateral striatum (DLS: putamen in primates) promotes goal-directed behavior, even after overtraining and outcome devaluation [54, 55] . Furthermore, substantial plasticity in these regions has been observed via in vivo recordings during habit formation. For example, during learning of a maze task, DLS activity rapidly shifts to a task-bracketing pattern during training, in which activity is high during both the beginning and end of a maze run [56] . This Bchunking^pattern is believed to allow for more rapid and efficient neural processing during habitual behavior [57] . By contrast, activity in DMS is initially high at decision points during training and gradually decreases throughout overtraining, consistent with its role in action-outcome learning [56] .
Less is known about upstream mediators that may regulate the shift between goal-directed and habitual action strategies. Lesion and inactivation studies suggest that two adjacent frontal cortical regions, the prelimbic (PL) and infralimbic (IL) cortices, may be important for regulating the switch between behavioral strategies. When activity of IL (akin to primate BA25) is inhibited, an animal's behavior becomes goal directed ( [58] : inactivation, [59] : lesion). In contrast, when activity of PL (akin to primate BA32, part of anterior cingulate cortex) is disrupted, an animal's behavior becomes less goal directed [59, 60] . In addition to these regions, lesions of the lateral OFC in the monkey disrupt the ability to form action-outcome associations [61] , indicating that OFC is also crucial for goal-directed decision making.
Development of optogenetics for investigation of complex behavior
Although animal models have provided great insight into the brain regions mediating goal-directed versus habitual behavior, until recently, they were limited by the inability to manipulate specific cell types in particular neural circuits. This limitation has recently been surmounted by the development of optogenetics, a technique that leverages light-sensitive ion channels, known as opsins, for the precise activation and inhibition of neural circuits of interest. Although opsins were first isolated from microbial organisms approximately 40 years ago [62, 63] , their utility for manipulating cellular activity has only recently been harnessed [64] . In the first wave of studies, two major opsins were used to bidirectionally alter cellular activity: (1) channelrhodopsin (ChR2), a cation channel that depolarizes cells in response to blue light [64, 65] , and halorhodopsin (NpHR), a chloride pump that hyperpolarizes cells in response to yellow light [66, 67] . As first reported in the seminal paper from Boyden and colleagues in 2005 [64] , the expression of these light-sensitive ion channels in mammalian neurons combined with local light delivery [68, 69] allows for control of membrane excitability with millisecond temporal precision; this is significantly faster and more precise than traditional pharmacological methods. Significant efforts have since focused on expansion of the opsin family to improve kinetics, enhance photocurrents, limit toxicity, and broaden the range of usable light wavelengths. This has led to the creation of many valuable reagents, such as C1V1 [70] and ReaChR [71] , which are red-shifted excitatory opsins; archaerhodopsin (ArchT), an outward driven proton pump that more efficiently hyperpolarizes cell membranes and therefore yields larger photocurrents compared to NpHR [72] ; and more potent forms of ChR2, such as ChETA with improved kinetics [73] , ChR2-TC that allows for lower intensity light stimulation [74] , and step function opsins (SFO) with which single light pulses can stably alter membrane potential [75] .
In addition to unrivaled temporal resolution, optogenetics provides unique advantages over traditional pharmacological and electrical stimulation, including spatial resolution and targeting to genetically distinct cell populations via stereotactic injection of viral vectors under the control of cell type-specific promoters [76] . Additional specificity can be gained using combinatorial genetic approaches that include virally-expressing opsins only in cells with genetically encoded crerecombinase, a strategy which has now been successfully used many times to manipulate small populations of cells during behavioral tasks [77] [78] [79] . Furthermore, optogenetic methods allow for the dissection of microcircuits on a scale not previously possible. Following injection of an opsin-encoding virus (either promoter or cre-dependent) into a region of interest, infected cells will express the channel or pump throughout the cell membrane, including the axon terminals. Implanting a light source into the terminal region allows for precise manipulation of very specific projections within a microcircuit rather than pan-activation of cell bodies that project to multiple target sites (see Fig. 1 and Tye and Deisseroth [80] for detailed description). As we will highlight later in this review, this technique can be used to tease apart the contributions of subregion-specific projections to complex behaviors.
Optogenetic manipulation of habit and goal-directed circuits
Over the past 5 years, optogenetics has been utilized to more precisely define the circuits that control goal-directed versus habitual behavior according to traditional lesion and inactivation studies, as well as to determine how activity of these circuits may contribute to OCD-relevant behavior. In 2013, Gremel and Costa established a behavioral paradigm to better understand the mechanisms underlying the shift from goal-directed to habitual actions. To test whether separate neural ensembles within CSTC circuits control goal-directed versus habitual behavior, or whether two types of action strategies are encoded by identical ensembles, they constructed a novel behavioral task in which animals performed an identical action (a lever press) using either a goal-directed (random ratio) or habitual (random interval) strategy. As predicted based on prior studies, lesions to DMS resulted in habitual behavior in both conditions, while lesions to DLS led to goal-directed behavior. Lesioning lOFC had the same effect as a DMS lesion-i.e., producing habitual responding. These data suggest that the lOFC and DMS are critical for encoding changes in outcome value. In order to test the necessity and sufficiency of lOFC activation in encoding outcome value, the authors next conducted chemogenetic loss of function [81, 82] and optogenetic gain of function studies. After injection of a virus encoding the inhibitory designer receptor exclusively activated by designer drug (DREADD) (hM4D i ) into the lOFC and subsequent inhibition via administration of its ligand clozapine-N-oxide (CNO), mice behaved in a habitual manner, similarly to performance following an OFC lesion. Based on these findings, the authors hypothesized that activation of OFC projection neurons would enhance goal-directed behavior. Bilateral activation of lOFC cell bodies via optical stimulation had no effect when the reward was still valued in the random ratio condition. Instead, it drastically increased lever pressing when the reward was devalued, resulting in levels of pressing similar to non-devalued rats, which the authors interpreted as an enhancement of goal-directed behavior. In total, these data support previous studies suggesting that goal-directed behavior is controlled by the DMS, while habitual behavior is subserved by the DLS [43, 83] . Furthermore, they confirm the role of the OFC in encoding value and goal-directed behavior [6, 84] .
Optogenetics has also been used to investigate the contribution of affective/ prefrontal circuits to the shift from goal-directed to habitual behavior. These experiments focused on manipulating the infralimbic PFC (IL), which directly projects to the DMS [59, 60] and may indirectly project to the DLS via the ventral striatum or the amygdala [85] . A dual pattern of connections to the sensorimotor network (DLS; promoting habitual behavior) and to regions that promote goal-directed behavior (DMS) suggests that the IL may exert executive control over habit formation. To assess the real-time impact of IL activity on habit formation, Smith and colleagues [88••] selectively expressed halorhodopsin (NpHR3) bilaterally in IL pyramidal cells. Based on tones, rats then learned to predict which arm of a T-maze contained one of two food rewards. After overtraining, rats received home-cage devaluation of one of the rewards through conditioned taste aversion. After devaluation, control rats continued to run to the devalued arm, suggesting this behavior had become habitual. In contrast, rats that received optical inhibition of the IL immediately after devaluation generally ran to the non-devalued arm, suggesting that IL inhibition blocked habit expression. Consistent with literature suggesting that once a habit is broken it is often replaced with another habit, all rats that received devaluation began to run consistently to the non-devalued reward in response to the devalued tone. These responses increased over time in both groups, suggestive of new habit formation. Strikingly, when IL optical inhibition was performed 2 weeks post-devaluation, the rats immediately ran back to the devalued arm. This suggests that, as with initial habit formation, the IL was responsible for the establishment of the new habit. These data support the idea that inhibition of the IL restores previously learned action strategies once a new habit is ingrained [59] . Consistent with this interpretation, while in vivo activity in the DLS exhibited characteristic task bracketing during the middle of acquisition of this T-maze task [56, 86] , activity in the IL only became task bracketed very late in overtraining, when habits become crystallized [87••] . To test the significance of IL task bracketing during overtraining, rats received bilateral injection of NpHR3 in the IL and underwent T-maze training in an independent study [88••] . Optical inhibition of IL pyramidal neurons was conducted selectively during overtraining, when task-bracketing activity appeared during recording. As predicted, habit formation was blocked in rats with IL perturbation during overtraining [87••] . Together, these data suggest that IL activity has a role in both the formation and the expression of habits. Recent computational work in humans corroborates these findings, implicating the inferior lateral PFC (ilPFC) and frontopolar cortex (FPC) as potential arbitrators of the switch from goal-directed to habitual behavior through connections with the putamen [89] .
Optogenetic manipulation of circuits underlying compulsive behavior
Two recent optogenetic studies have begun to explore the relationship of the hyperactivity of CSTC pathways observed in human OCD to the development and resolution of perseverative behavior. An experiment conducted by Burguiere and colleagues [92] used a transgenic mouse model of OCD-like behavior based on deletion of Sapap3 (SAP90/PSD95-associated protein 3), which is found in the post-synaptic density of glutamatergic synapses and Fig. 1 . Projection-specific expression and activation of excitatory opsin (ChR2) to dissect OCD-related circuitry. Presynaptic neurons within the OFC of EMX-cre mice are transduced with ChR2-EYFP. An optical fiber is implanted into the target region (VMS) and blue light (473 nm wavelength) is delivered to excite infected projection neurons. Inset Blue light stimulation selectively activates OFC projection neurons infected with ChR2, resulting in depolarization of post-synaptic medium spiny neurons (MSNs) selectively connected to OFC. Uninfected projection neurons from the OFC or from other regions are unaffected by optical stimulation.
interacts with PSD95 and other scaffolding proteins [90] . Genetic variants of SAPAP3 have been linked to OCD and grooming disorders, such as trichotillomania and skin picking ( [91, 92] correspondingly), and Sapap3 knockout (KO) mice exhibit OCD-related behaviors including compulsive over-grooming and increased anxiety [93] . In this study, an aversive conditioning paradigm was used to train mice to associate a tone with delivery of a drop of water on their head. As training progressed, both wild-type and SAPAP3 KOs successfully learned that the tone predicted the water drop and groomed in response to the tone. However, wild-type mice began to inhibit this response late in training, only grooming after the water drop was presented. In contrast, Sapap3 KOs were unable to inhibit the response to the tone, and instead, continued to groom after tone presentation throughout training [94••] ; this was reminiscent of the findings from the conditioning experiments in OCD patients described above. The authors then characterized the neural underpinnings of this impaired behavioral inhibition, finding that the deficit was correlated with elevated striatal activity in Sapap3 KOs. Supporting the hypothesis that this increased activity of striatal medium spiny neurons (MSNs) resulted from a loss of striatal inhibitory interneurons, they observed that Sapap3 KOs had fewer parvalbumin-positive (PV+) interneurons in the centromedial striatum (CMS). In an attempt to correct for this deficit, they then performed selective ChR2-mediated optogenetic stimulation of projections from lOFC to CMS. This intervention both reversed the deficit in behavioral inhibition and the increased striatal activity, presumably via enhancing the responsiveness of the remaining PV-positive interneurons and restoring normal feed-forward inhibition. These experiments provided support for the idea that lOFC regulates the inhibition of conditioned responses, and linked hyperactivity in striatum to compulsive behavior.
In a complementary set of studies, our lab used optogenetics to test whether inducing hyperactivity in CSTC circuits in wild-type mice directly leads to abnormal repetitive behaviors. Focusing on the subregions that have been implicated in goal-directed behavior and anxiety, we selectively expressed ChR2 in excitatory projections from mOFC to ventromedial striatum (VMS). Although acute optogenetic stimulation did not lead to OCD-related behavioral changes, brief but repeated stimulation of mOFC-VMS projections led to a significant increase in perseverative grooming over the course of 5-6 days [95••]. Strikingly, this increase in grooming was persistent for up to 2 weeks after cessation of the optogenetic stimulation. Together, these findings suggested the development of pathologic plasticity in mOFC-VMS connections. In support of this concept, using in vivo recording we demonstrated a progressive increase in evoked firing rates of VMS neurons over 5 days of stimulation. Lending support to the idea that these plastic changes may have relevance to pathologic processes involved in OCD, both the increased grooming behavior and the increase in evoked firing were normalized by chronic SSRI administration. Our data suggest that brief but repeated hyperstimulation of regions implicated in both goal-directed behavior (mOFC and medial striatum) and limbic/anxiety circuits (VMS) can lead to perseverative behavior that may be relevant to OCD. These data therefore support the hypothesis that hyperactivity in goal-directed circuits can lead to the development of abnormal repetitive behaviors. Future studies will seek to synthesize these two sets of findings, which together suggest there may be two paths to producing perseverative behavior-i.e., through dysfunction of either habit systems or goal-directed/limbic systems.
Summary and conclusions
Over the past 5 years, optogenetic experiments have led to rapid progress in dissecting the functional relationship between CSTC circuits and the development of OCD-relevant behaviors in animal models. Chief among these findings are the importance of different prefrontal and striatal subregions in the control of goal-directed versus habitual behavior, and direct tests of the hypotheses that hyperactivity in OFC and striatal circuitry is involved in OCD-relevant behavioral phenotypes in normal and pathological animals [94• •, 95••, 96••]. These findings provide a causal link to some of the most well-replicated findings in human OCD imaging studies, demonstrating OFC hyperactivity and altered functional connectivity between OFC and the medial striatum [25, 29] . Interestingly, involvement of the mOFC suggests that an over-reliance on the goaldirected system (including the mOFC and medial striatum) may play a role in the development of compulsive behavior [50•] . These data are particularly interesting in light of recent neuroimaging findings in which increased avoidance habit formation in OCD patients was associated with hyperactivation of mOFC and medial striatum, classically thought of as regions promoting goaldirected behavior [43, 45••, 60] . Future work will determine how other regions outside of the CSTC involved in anxiety and reward, such as the amygdala, ventral hippocampus, and VTA, may be involved in mediating compulsive behavior.
Future directions and prospective implications for treatment of OCD and related disorders
Optogenetics has allowed for unparalleled precise control in animal model systems over circuits implicated in OCD and known to be involved in goaldirected and habitual behavior. Future research will focus on elucidating the molecular mechanisms underlying not only the onset of compulsive and perseverative behaviors, but also their persistence. The striking findings of Burguiere and colleagues [94••] and our group [95••]that optogenetic stimulation of disease-relevant neural circuits can alter perseverative behaviors raises the attractive possibility of optogenetics as a potential therapeutic tool for OCD and related disorders. However, substantial hurdles exist before this technology can be translated to humans, including synthesizing viruses that are both safe for humans and can effectively target specific cell types. In addition, experiments using optogenetics in primates to date have had substantial difficulty in generating the striking behavioral effects that are commonly observed in rodent studies [72, 97] ; the reasons for this are unclear, but must be determined before progress can be made towards using the technology in people. Finally, further progress still needs to be made towards development of wireless systems for effective stimulation, though this goal is clearly within reach [97] . More practically, optogenetics will continue to be utilized as a valuable tool for dissection of circuits known to be dysfunctional in human disease. Indeed, the potential combination of optogenetics and fMRI [98] or in vivo calcium imaging [99] provides important avenues for enhancing our understanding of how hyperactivity of a single pathway (e.g., OFC to VMS) can impact brain-wide networks. Critically, the information gained from these targeted approaches will inform therapeutics either through the refinement of current technologies, such as DBS and transcranial magnetic stimulation (TMS), or through the development of new technologies, such as closed loop systems that would allow for real-time adjustment of stimulation parameters based on abnormal neural activity patterns [100] .
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